We perform the Hartree-Fock-Bogoliubov (HFB) calculations for ground states of even Mg isotopes using the Skyrme force and a density-dependent zero-range pairing force. The HFB equation is solved in a three-dimensional cartesian mesh, and a convergence of deformation is carefully examined with respect to a cut-off radius for a check of the calculations. We discuss systematics of the two-neutron separation energy, deformation and root-meansquare radius. We have found that 36, 38,40 Mg have appreciable static deformation, where 40 Mg is a two-neutron drip-line nucleus in our calculation, and the deformations of the neutron and proton are different in these three nuclei. The deformation property is analyzed on the basis of the single-particle diagram. It is shown that N = 28 is not a closed shell in Mg as well as Si.
Introduction
The existence of deformed drip-line nuclei has been recently questionned [1] on the basis of a detailed analysis of the available data. Tanihata et al. argued that with few exceptions, the last bound isotopes of a chain could be related to a sub-shell closure in a spherical shell model. The number of cases entering such an analysis is however limited since the neutron drip line is known only up to Z=9. To confront the justification of this analysis by means of fully microscopic calculations is not an easy task: most studies of drip-line nuclei have been restricted to spherical shapes [2, 3, 4, 5, 6] . On their basis, it has been suggested that the single particle gaps associated with magic numbers significantly decrease near the drip lines [2] . On the other hand, two recent studies of deformation in the Mg [7] and Si-Ca [8] regions have been performed with pairing correlations limited to the constant gap-BCS approximation. Sizable deformations were found for some drip line nuclei. However, no definite conclusions can be drawn from these studies as the BCS approximation breaks down when bound and unbound single-particle states interact via the pairing [9] .
In a recent publication [10] , we have presented a method based on the solution of the Hartree-Fock-Bogoliubov (HFB) equations on a 3-dimensional cartesian mesh. It describes consistently both the pairing correlations and the asymptotic behaviour of wave functions of weakly bound systems. The effective interaction is split in two parts: a Skyrme force to describe the mean-field (particle-hole channel) and a density-dependent zero-range force for the pairing correlations (particle-particle channel). The tests on the even Ni isotopes have shown that this method accounts correctly for the interactions between bound and continuum single-particle states. The fact that all these isotopes are spherical made the analysis of our results easier because of the degeneracy of individual wave functions. Nevertheless the scope of the method presented in ref. [10] is broader since all single particle states were calculated in a three-dimensional geometry as for a triaxilly deformed nucleus.
In this work, we have chosen the Mg isotopes as large deformations for the heaviest isotopes have been predicted on the basis of the BCS approximation. Together with neighboring isotopic chains, these nuclei have been extensively studied experimentally. Many of the experimental works pay great attention to deformation of N = 20 nuclei in A = 30 mass region. Isotope shifts of some Na nuclei were measured by Huber et al. [11] and Touchard et al. [12] . Huber et al insist that 31 Na is deformed, however Touchard et al concluded that no evidence of sudden onset of deformation at N = 20 was found in Na from their isotope shift. Détraz et al [13] argue that 32 Mg is deformed on the basis of the systematics of energies of the first 2 + states which they have measured through the β-decays and the measured masses of 31, 32 Mg [14] . Gillibert et al. [15] measured masses including 30−32 Na and 31−33 Mg and observed a flattening of a curve of the two-neutron separation energy, S 2n , at N = 20, while Vieira et al. [16] have obtained no irregularity in the S 2n curve in 30−32 Mg and 32−34 Al. Motobayashi et al. [17] have measured large B(E2) value from the first 2 + state to the ground state in 32 Mg. This indicates strongly the deformation of 32 Mg. For 33 Al Woods et al. [18] also concluded that the nucleus had a good shell closure based on their measurement of the mass. Woods et al. [19] concluded that deformation of 34 Si was unlikely from a comparison of their measured masses with a result of the shell-model calculation. This conclusion is consistent with the mass measurement of 33, 34 Si made by Fifield et al. [20] . Smith et al. [21] measured the mass of 35 Si and argue that the nucleus is not deformed from the systematics of S 2n . The one-proton drip line, or nuclei very close to it, was explored by Langevin et al. [22] . They have observed 23 Si, 27 S, 31 Ar and 35 Ca. Schwalm et al. [23] measured static quadrupole moments of the first 2 + states of 20, 22 Ne, 24, 26 Mg and 28 Si. Charge root-mean-squre radii of 24−26 Mg were reported by Lees et al. [24] . Recently Suzuki et al. [25] reported matter root-mean-squre radii of many Na and Mg isotopes from the interaction cross sections. Several shell-model calculations [26, 27, 28, 29, 30] also have been performed in Mg isotopes, and it was clarified that the inclusion of the f shell was crucial for reproducing properties of 32 Mg. Their studies support the deformation of 32 Mg. On the other hand, as compared to these works, systematic mean-filed calculations in Mg isotopes have been scarce until very recently. This paper presents an investigation of the deformation properties of the even Mg isotopes from the proton to the neutron drip line. At the neutron drip line, we have also studied the neutron rich Ne and Si isotopes.
Strength of the pairing interaction
In our method, different parametrizations for the interaction are chosen for the mean-field and the pairing channels. For the particle-hole channel, a Skyrme force is used. We have employed two parameter sets. The first one is SIII [31] , which has been extensively used to study deformation properties with much successes. The second one, Sly4 [32] , has been recently adjusted with a special attention to the properties of infinite nuclear and neutron matters. It is expected to provide a more realistic isospin dependence than previous forces. Such a choice of two different parametrizations of the effective force allows a test of their reliability away from the stability region where thay have been adjusted.
For the pairing channel, a density-dependent zero-range force is used:
where P σ is the spin exchange operator and ρ(r) the total nuclear density. V 0 is the strength of the force, chosen to be the same for neutrons and protons, and ρ c is a constant which determines the density dependence. In this work we fix ρ c = 0.16fm −3 , which is close to the nuclear saturation density. This force is strongly attractive around the nuclear surface, a property which has been discussed in [4] .
As extensively discussed in our previous paper [10] , reliable results for drip line nuclei require that two conditions are met. The dimension of the box in which the HF equations are solved must be large enough to describe correctly the tail of the wave functions. The use of the imaginary time method enables to solve the mean-field equations for a limited number of orbitals; this number must be large enough to ensure a correct description of the continuum wave functions. In this application to Mg isotopes, we have used the values for the box size (15 fm) and for the number of single-particle wave functions explicitely calculated (70 for neutrons and 35 for protons) that were shown sufficient in our Ni calculation. Since this study is devoted to much lighter nuclei, these values are large enough. We also performed selected tests which fully confirmed the conclusions of our previous study. A smooth cut-off of the pairing interaction at an energy of 5 MeV above the fermi level has been introduced following the procedure explained in ref [33] .
The Mg isotopes do not consitute a favourable region for an adjustment of the pairing strength V 0 . Pairing correlations are weak in light nuclei making the determination of experimental quasi-particle energies from binding energies not very accurate. Moreover, the variation of these binding energies are affected by the strong dependence of the shape of Mg isotopes on the neutron number, an effect which should not be included in the determination of quasiparticle energies. The value V 0 = 1000MeVfm 3 for SIII and SLy4 has been found reasonnable in previous studies of superdeformation in both the A=150 and 190 mass regions. We have therefore chosen to test these values for the Mg isotopes. For this purpose, we have compared the experimental and theoretical values obtained for the two-neutron separation energies S 2n (N, Z), calculated from the difference between the HFB ground state energies of neighbouring even nuclei. An often very good approximation of S 2n (N, Z) is provided by the quantity −2λ n , where λ n is the HFB chemical potential. To determine the sensitivity of the results to the value of V 0 , we have also performed a set of calculations with V 0 =700MeVfm 3 . Our results are plotted on Fig. 1 together with the experimental data. The S 2n values are clearly insensitive to V 0 . They are also quite similar for both Skyrme parametrizations. The global trends of the experimental data are satisfactorily reproduced. The shell effect at N=20 disappears experimentally in 32 Mg. This is consistent with the large scale shell model calculations of ref [30] . In this respect, the results obtained with SIII are more consistent with the experimental data than with SLy4, although in both cases the shell effect is weak. The problems posed by the description of 32 Mg will be discussed in a forthcoming publication.
In the following, we shall use V 0 = 1000MeVfm 3 for both SIII and SLy4. These strengths give a reasonnable agreement with the experimental data for the S 2n values. We have also checked that they lead to qp energies in 24 Mg close to the experimental ones. More importanltly, the use of the same values as in our studies of superdeformation seems to indicate that a unique parametrization of a density-dependent zero-range pairing interaction may be used over the whole nuclear chart. With these pairing strengths, pairing correlations vanish for protons in 36−40 Mg and for neutrons in 20 Mg and 26 Mg.
On Fig. 2 , we compare the experimental data for S 2n as a function of A [34] to the prediction of different models. In our calculations the two-neutron drip line is located between 40 Mg and 42 Mg for both SIII and SLy4. The lightest Mg isotope predicted to be bound against two protons decay is 20 Mg. Its two-proton separation energy is equal with SIII to 3.31 MeV, to be compared with 2.33 MeV experimentally. The other theoretical approaches have been specifically designed to reproduce nuclear masses and lead to a better agreement with the experimental data than our calculation. However above the experimentally known region, their predictions for S 2n show irregularities which are probably spurious. Nevertheless, the trends obtained with the relativistic mean field (RMF) theory [35, 7] and the finite-range droplet model (FRDM) [36] , are similar except for 20, 22 Mg and for a slight increase of S 2n from 38 Mg to 40 Mg in the RMF by Hirata et al. and FRDM. Thus it seems that the location of the two-neutron drip line does not significantly depend on a theoretical approach, as far as those three typical methods are concerned. Hereafter we shall discuss the results obtained with SIII unless otherwise specified. 20 Mg is the most rigid. Its spherical minimum is due to the magic neutron number N=8. Marked prolate deformations are obtained from 36 Mg to 40 Mg. In these three cases, a very shallow oblate minimum appears at an excitation energy of 1.0 MeV. In particular, we find that the neutron shell effect at N = 28 is suppressed at the drip line. An interesting point is that the introduction of deformations does not modify strongly the dependence on the neutron number of the mean-field value obtained for S 2n . Deformations only bring a gain of energy of 1 MeV at 36 Mg where deformation sets in, but the values for the heavier isotopes are qualitatively not affected.
Deformation properties of the Mg isotopes
Since 40 Mg is bound by less than 2.0 MeV, we have investigated whether the large quadrupole moment of the ground state is not due to a neutron halo surrounding the nucleus which could be not properly described by our caclulation. For this purpose, we have first checked the stability of the number of neutrons outside a 15 fm diameter sphere as a function of the box size R:
where ρ n (r) is the neutron density. We have obtained N out = 0.430×10 −2 and 0.683×10 −2 for box sizes R = 16 and 18 fm, respectively. These quite small and nearly constant values indicate the absence of a halo and that the quadrupole moment is due to neutrons bound into the nucleus.
To determine the location of the nucleons responsible for the deformation, we have introduced a cutoff variable r in and calculated a deformation parameter β(r in ) by including the contribution to the square radius and to the quadrupole moment of the nucleons located below the radius r in :
respectively, where ρ(r) was taken from the result of R = 18 fm. These quantities are defined separately for neutrons and protons. Fig. 4 shows β(r in ) for neutrons and protons in 40 Mg. One sees that the asymptotic value of the deformation is reached when r in is larger than 5/3 of the root-mean-square radius of the nucleus, 3.6 fm. This demonstrates that the observed differences in β are core effects and do not result from a decoupling of neutrons and protons.
An interesting feature apparent for 40 Mg on Fig. 4 is the significant difference in deformation between the neutrons and the protons. The neutron and proton parameters β along with a few experimental data and the total quadrupole moments are plotted for all the Mg isotopes in Fig. 5 . β and the quadrupole moments of secondary minima are also indicated when present. For light isotopes, neutron and proton deformations are similar. For 24 Mg, the presence of the deformed shell effects at 12 for both neutrons and protons (see Fig.6 ) leads to the most deformed nucleus of the isotopic chain. At N=20, the shell closure for neutrons is strong enough to compensate the effect of the proton deformed shell closure. As soon as the f 7/2 shell starts to be filled, the proton effect gains, leading to strong deformations in 36−40 Mg. One indeed recovers in these nuclei a similar proton deformation as in 24 Mg.
For the experimental data of 24, 26 Mg more accurate measurements are desired for a comparison with our calculated result. 26 Mg is a nucleus having the shape coexistence and favors slightly the oblate state in our calculation. 32 Mg is clearly a problem. As far as we know, there is no mean-field calculation which can reproduce β ≃ 0.5 of 32 Mg with a reasonable effective interaction. 32 Mg is the only isotope for which the deformation energy curve shows a structure at a deformation larger than the absolute minimum of the spherical shape. It indicates that correlations beyond the mean field approximation are probably required to explain the experimental β and the low energy 2 + state with a large BE2 value observed experimentally [17] . Fig.6 shows calculated root-mean-square radii and experimental data. It is seen that our calculation reproduces the measured data quite well except for 24 Mg. An influence of the sudden onset of the prolate deformation in 36 Mg appears in a small irregularity of the calculated curves. The irregularity is, however, so small that if one wants to confirm an appreciable change in deformation on the basis of radii, much accurate measurements would be required.
The single particle level energies in the canonical basis are shown on Fig. 7 for 40 Mg; except mainly for shifts in energies, the same plot is valid for all the isotopes. The fermi level for the neutrons in 40 Mg is close to 0, with a quadrupole moment for the ground state of 1.85 b. The neutron deformation is smaller in this nucleus because the larger density of levels near the fermi surface leads through pairing correlations to the population of orbitals with a less deformation driving character than the πd 5/2 orbital. These different deformations are only possible because the numbers of neutrons is much larger than the number of protons. Otherwise the large overlap between the neutron and proton densities induced by the neutron-proton interaction would suppress the differences in deformations.
Qualitatively similar results have been obtained in the RMF calculation of Ren et al. [7] . Both 20 Mg and 32 Mg have been found spherical by these authors and 36−40 Mg very deformed. However, the quadrupole moments of deformed isotopes are significantly larger in the RMF calculation. This may be related to the BCS apporximation with a constant gap used by Ren et al.
The N = 28 neutron gap is not apparent neither in the S 2n nor in the evolution of the radii. On Fig. 7 , one can see that the value of this gap is of 3 MeV in 40 Mg, to be compared to the 5 MeV of 48 Ca calculated in ref. [31] . This quenching of the N = 28 gap is sufficient to allow the deformed proton gap at Z = 12 to take over. Similar results have been obtained in the study of Si and S isotopes [8] Fig. 8 shows the potential energy curves of the N = 28 Si isotope 42 Si and of the two drip line nuclei 34 Ne and 46 Si. The energy curves of these three isotopes display a soft dependence on the quadrupole moment. This is an indication that dynamical collective effects built on the quadrupole mode are important. One notes also that there is no sign of a spherical shell effect at N = 28 for 42 Si as was the case already in 40 Mg . Similar results have been obtained by Werner et al [8] with the HF+BCS approximation.
Conclusion
In this paper, we have reported the first calculation of drip line nuclei based on a mean field approach where quadrupole deformations are included and pairing correlations are correctly treated. We have shown that deformation effects cannot be neglegted to describe the neutron rich Mg isotopes.
One of the main conclusions of this work is the disappearance of the N=28 shell closure close to the drip line. There is indeed in Mg isotopes a competition between the deformed shell effect at Z=12 and the N=28 spherical shell closure. The population of neutron deformation driving orbits thanks to pairing correlations favours the occurence of deformation in the last bound Mg isotopes. An interesting consequence of the large excess of neutrons with respect to the protons is the appearance of significantly different neutron and proton deformations. If confirmed experimentally, this feature may lead to new isovector excitation modes in isotopes close to the drip lines.
Our calculation does not confirm the conjecture of Tanihata et al that all drip lines are spherical. The small number of drip line nuclei known experimentally may explain the probable failure of this conjecture. Our results stress once more the importance of a better knowledge of the neutron drip line. The symbols connected by lines are results for the calculated ground states, and the isolated symbols of the calculation correspond to the second minimum found in the potential energy curves. The experimental β of 24, 26 Mg were obtained from refs. [23] and [24] , and that of 32 Mg was taken from [17] . Fig. 6 Calculated and experimental rms radii versus A. The symbols with lines attached are calculated results. The black stars are matter rms radii of [25] , and white stars are charge rms radii taken from [24] . 
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